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Abstract. We demonstrate the double electromagnetically induced transparency 
(double-EIT) and double four-wave mixing (double-FWM) based on a new scheme 
of non-degenerate four-wave mixing (FWM) involving five levels of a cold 
85
Rb 
atomic ensemble, in which the double-EIT windows are used to transmit the probe 
field and enhance the third-order nonlinear susceptibility. The phase-matching 
conditions for both four-wave mixings could be satisfied simultaneously. The 
frequency of one component of the generated bichromatic field is less than the other 
by the ground-state hyperfine splitting (3GHz). This specially designed experimental 
scheme to simultaneously generate different nonlinear wave-mixing processes is 
expected to find applications in quantum information processing and cross phase 
modulation. Our results agree well with the theoretical simulation. 
PACS: 42.50.Gy, 32.80.Xx, 78.47.nj 
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1. Introduction 
Electromagnetically induced transparency (EIT) is a quantum interference phenomenon that allows for the 
transmission of light through an otherwise opaque atomic medium [1]. The importance of EIT stems from the fact 
that it results in a greatly enhanced linear and nonlinear susceptibility in the medium near the induced transparent 
frequency window and is associated with steep dispersion. So EIT is widely used in light slowing and light 
storage [8-11], biphoton wave packet generation and modulation in cold atoms [12-15], cross phase modulation 
[16-19] and so on. Under EIT conditions, the four-wave mixing (FWM) process can be resonantly enhanced [4-7], 
two or more wave-mixing processes (for example, FWM and six-wave mixing) could coexist and interfere with 
each other [21, 22]. In Ref. [23], the authors realized the simultaneous control of two four-wave-mixing fields by 
changing the atomic density, the intensity, and the detuning of the coupling field in a triple-Λ-type atomic system 
in a hot 
85
Rb cell. In their recent work of [24], they also successfully observed the generation of four and six 
strongly correlated and anticorrelated laser fields from such a system. 
The bichromatic EIT in cold atoms has been experimentally studied [28], in which the multiple-peaked probe 
absorption spectra under bichromatic coupling fields have been observed. The FWM signal with multi-peaks 
structure in such a system has been performed [29]. Bichromatic optical solitons could be generated in a cold 
atomic cloud in the condition of a pulsed probe field and a pulsed FWM field of considerably different frequency 
[30, 31]. In this paper, we report a new experimental study of the double-FWM in a five-level atomic system. Two 
phase-matching conditions of FWM could be satisfied simultaneously and the generated two FWM signals are 
observed. As compared to the similar work in Ref. [23, 24], our work shows that such an experimental scheme 
could generate a so-called bichromatic field. That is, the generated two FWM signals have not only controllable 
relative strength but also the same spatial and temporal mode and polarization. Such a special third-order 
nonlinear wave mixing may have potential applications in quantum information process and cross phase 
modulation at low light level. 
2. Theoretical model 
Fig.1 shows the scheme of our experiment. The States |1> and |3> are the degenerate Zeeman sublevels 
corresponding respectively to the magnetic quantum numbers mF=−3 and mF =−1 of the ground-state hyper fine 
level F =3 of 
85
Rb. The state |2> corresponds to the other hyper fine level |5
2
S1/2F=2, mF=-1>. And |4> and |5> are 
the excited states: |5
2
P1/2F=3, mF=-2> and |5
2
P3/2 F=3, mF=-3>, respectively. The coupling field ωc1 with a 
frequency detuning Δ1 couples the transition |2>→|4>, and similarly the coupling field ωc2 with a detuning Δs 
couples the transition |3>→|4>. The two coupling beams are spatially mode matched by coupling them into the 
same single mode fiber and collimated to a beam diameter of 3.2 mm in the vacuum chamber. Both of the two 
coupling beams are σ- polarized. The pump laser ωp is σ+ polarized and red-detuned Δp from the transition 
|1>→|5>. The probe field ωs has the same frequency but opposite circular polarization with the coupling beam ωc2. 
The presence of the pump beam, two coupling beams and the probe beam will construct two possible FWM paths 
(|3>→|4>→|1>→|5>→|3> and |2>→|4>→|1>→|5>→|2>). There are two possible phase-matching 
conditions 0 as1sc1p kkkk

and 0 as2sc2p kkkk

, where 
1ask and 2ask are the wave vectors of two 
generated anti-Stokes fields from the two FWM processes respectively.  
 
 
Figure 1. (color online) Schemetic of the bichromatic field generation. Γ4=2π×5.75MHz and 
Γ5==2π×6.07MHz are the decay rates from the states |4> and |5> respectively. γ12, γ13 and γ32 are the decoherences 
between states |1> and |2>, states |1> and |3>, and states |3> and |2>, respectively. 
 
In the interaction picture, the Hamiltonian of this five-level system could be written as: 
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Where Ωi are the Rabi frequency of beam i, Ωas1’=Ωas1exp[i(Δs-Δ1)t] and Ωas2’=Ωas2exp[iΔst] (which come 
from the rotating wave approximation). The master equation for the atomic density operator will determine the 
dynamics of the laser-driven atomic system. 
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Where Γ4m and Γ5n are the spontaneous emission rates out of state |4> and |5> to state |m> and |n> (m, n=1, 2, 3), 
respectively. The γideph is the dephasing rate of state |i> (i=2, 3, 4, 5), ρ is the density matrix and σij is the 
projection operator. For convenience, we define the total decay rate out of state |4> and |5> are Γ4=Γ41+Γ42+Γ43, 
Γ5=Γ51+Γ52+Γ53 respectively. The coherence decay rates of these states are defined as: γ21=γ2deph, γ31=γ3deph, 
γ32=γ2deph+γ3deph, γ41=Γ4+γ4deph, γ42=Γ4+γ4deph+γ2deph, γ43=Γ4+γ4deph+γ3deph, γ51=Γ5+γ5deph, γ52=Γ4+γ5deph+γ2deph and 
γ53=Γ5+γ5deph+γ3deph. From equations (1) and (2) we derive the following optical Bloch equations for the 
off-diagonal density matrix elements in the steady-state condition: 
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In the equations (3)-(12), we have assumed ρ54=0. We consider the zeroth-order perturbation expansion with 
the assumption of Ωc1, Ωc2, Ωp >> Ωs, Ωas1, Ωas2 (our experimental conditions) and the initial atomic distribution in 
the ground state |1> (ρ11=1, ρ22=0, ρ33=0, ρ44=0, ρ55=0, initial state preparation), and derive the steady-state 
solutions of the above equations [12, 26, 27]. After some calculations, we obtain the first and third order nonlinear 
susceptibilities of this system, describing the generation of anti-Stokes fields (ωas1 and ωas2), respectively.  
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The polarization in the atomic medium generated by the applied field is defined as P=Nuρ (where, N is the 
density of atoms, u is the dipole moment and). The polarization plays the part of the source term in Maxwell’s 
equations and determines the electromagnetic field dynamics. In our system, the powers of generated anti-Stokes 
fields (ωas1 and ωas2) are very small with respect to the pump field. The amplitude of the FWM signal fields we 
calculated are proportional to the third-order nonlinear susceptibilities ρ52
(3)
 and ρ53
(3)
, We could use these 
expressions to simulate our experimental results. 
 
3. Experimental setup and results 
We now turn to the experimental part of this letter. A two-dimensional magneto-optical trap of 
85
Rb with a 
maximal optical depth (OD) of 38 is employed in this experiment [25]. We use an amplified external cavity diode 
laser (ECDL) (TA100, 780nm, Toptica) as the cooling beams and another ECDL (DL100, 780nm, Toptica) as the 
repumper. The TA100 has an output power of 430mW, locked to 15MHz to the red of the 5S1/2, (F=3)—>5P3/2, 
(F=4) transition. After beam modulating and single-mode fiber filtering, we have 100mW cooling power available 
in the vacuum chamber. The repumper with an available power of 25mW is locked resonantly to the 5S1/2, 
(F=2)—>5P3/2, (F=2) transition. 
All the four beams are collimated as Fig.2 so as to satisfy the phase-matching conditions simultaneously. The 
probe beam (ωs) injects along the long axis of the cigar-shaped atomic cloud and is focused to the center of the 
cloud. The pump beam (ωp) with σ+ polarization counter propagates with the two coupling beams (ωc1 and ωc2, σ- 
polarized) and all the three beams overlap the cigar-shaped atomic cloud. The coupling-pump axis (coupling and 
pump beams) has an angle of 2 degrees from the Stokes-anti-Stokes axis (probe beam and FWM signals). All the 
lasers used in the experiment are provided by three commercial ECDLs (DL100, Toptica), and pass through the 
respective acousto-optic modulators (AOMs) for beam switching and frequency shifting. The transmission 
spectrum of the probe beam is detected by a photomultiplier tube PMT1 (H10721, Hamamatsu). And we use 
PMT2 to detect the generated FWM signals (ωas1 and ωas2). 
Figure 2. (color online) Experimental configuration for the double-EIT and double-FWM. The angle 
between Stokes-anti-Stokes axis and coupling-pump axis is 2°. This angle can filter noise from the pump and 
coupling beams. The Stokes beam is focused to the center of the atom cloud, and pump and coupling beams are 
collimated so as to totally overlap the Stokes beam in the cloud. 
The atoms are initially prepared on the state |5S1/2, F=3, mF=-3>. By turning off the MOT trapping laser 
while keeping the repumper on for 200 μs, the atoms are prepared at the ground level |1>, as shown in Fig.1. The 
experiment is performed in a 700 μs window after shutting off the trapping and repumping beams. The whole 
process repeats every 33 ms. We lock the coupling beams ωc1 and ωc2 in different frequency detunings near the 
respective transitions and scan the probe field frequency in the detuning range of -40~40MHz near the |5
2
S1/2, 
F=3>→|52P1/2, F=3> transition. Here, the pump beam is blocked. The two coupling beams (ωc1 and ωc2) will 
create transparent windows simultaneously for the probe field (ωs) (see Fig.1). Depending on the frequency 
detunings of the two coupling beams, these two EIT windows can either overlap or be separated in frequency on 
the probe beam transmission signal(as shown in Fig.3). We could find the two transparent widows for the probe 
field in the three curves of Fig.3.  
 
Figure 3. Observation of double-EIT versus the probe detuning. The different width of the two transparent 
windows is due to the different Rabi frequencies of coupling beams ωc1 and ωc2. The coupling beams ωc1 is locked 
85
Rb 
PMT2 
ωas1, ωas2 
ωp 
PMT1 
ωs 
ωc1, ωc2 
—Quarter-wave plate 
—Half-wave plate 
—Polarized beam splitter 
(a) (b) (c) 
5MHz to the red of the respective transition, and we tune the detuning of ωc2 (-5MHz in (a) and -3MHz in (b)). 
The two coupling beams have the same detuning in (c). 
We then inject a pump beam on the atomic cloud and build up the FWM configuration. There are two 
possible phase matching conditions 0 as1sc1p kkkk

and 0 as2sc2p kkkk

. The simultaneously 
opened double-EIT windows in this five-level atomic system allow observation of these two nonlinear optical 
processes at the same time, both of the two phase-matching conditions could be satisfied simultaneously. The 
results are shown in Fig. 4. By individually controlling (or tuning) the EIT windows, the generated two FWM 
signals can be clearly separated and distinguished or pulled together (by adjusting the coupling frequency 
detunings). The generated two anti-Stokes fields have the frequencies of 
sc1pas1   and sc2pas2   , 
respectively. We tune the frequency detuning of the coupling beam ωc1 from -21.5MHz to 16MHz and lock the 
coupling beam ωc2 resonant to the respective transition. We then similarly scan the probe frequency. It is found 
that, not only the transparent windows for the probe field but also the generated anti-Stokes field ωas1 will follow 
the coupling beam (ωc1) detuning. The pump beam will induce transparent windows for both the two anti-Stokes 
fields because of EIT effect. The full widths at half maximum (FWHM) of the two FWM peaks, which are 
measured to be 6.7MHz for ωas1 and 2.3MHz for ωas2, are determined by the Rabi frequencies of the pump and 
respective coupling beams.  
 
 
Figure 4. Observation of double peaks in the FWM spectrum versus the probe frequency detuning under 
different coupling frequency detunings. The experimental results (blue dot) fit well with the theoretical simulation 
(red line). The simulating parameters are: γ=2π×6MHz, Ωs=2γ, Δp=25γ, Δs=0, Ωc1=3.6γ, Ωc2=2.4γ, Ωp=4.0γ, 
γ2deph=0.02γ, γ3deph=0.008γ, OD=38. 
 
We could see from Fig.4 that the two different types of FWM processes could be realized simultaneously, 
which means the phase matching and energy conservation could be satisfied for both of the two processes in this 
experimental configuration. As being shown in Fig.4(c), if the coupling beams ωc1 and ωc2 have the same 
frequency detuning to the respective transitions, the generated anti-Stokes signals will overlap with a frequency 
difference which is equal to the ground state hyperfine splitting (3GHz). Thus a bichromatic field could be carried 
(c) (d) 
(b) (a) 
out from this five-level system. It is indicated in Fig. 4 that the theoretically red curves in the four panels, which 
come from the third-order nonlinear susceptibilities ρ52
(3)
 and ρ53
(3)
, agree well with the experimental data lines 
(blue). In our system, the powers of generated anti-Stocks fields (ωas1, ωas2) are very small with respect to the 
pump and coupling fields. So we can ignore the linear susceptibilities. The parameters used in the simulation are: 
γ=2π×6MHz, Ωs=2γ, Δp=25γ, Δs=0, Ωc1=3.6γ, Ωc2=2.4γ, Ωp=4.0γ, γ2deph=0.02γ, γ3deph=0.008γ, OD=38. 
 
4. Conclusion 
 In conclusion, we have experimentally demonstrated and theoretically modeled the bichromatic field 
generation from a double-FWM system. The theoretical simulation agrees well with the experimental results (see 
Fig.4). The bichromatic field generated from the two FWM processes could be a potential candidate for the 
color-entanglement and cross phase modulation. The two colors in the bichromatic field could have the same 
polarization, intensity and spatial mode except for the color. Such coexistence of two FWM processes allows us to 
investigate the interplay between these two nonlinear optical effects. If we assume that the light-atom interaction 
time is short or the intensities of the coupling and pump fields are weak, both the mean photon numbers in the two 
generated FWM pulses are much smaller than 1. Thus the photon state at the low light level could be seem as the 
superposition of the two frequencies |ωas1>+|ωas2>. What’s more, adjusting one of the FWM signals will have 
effect on the other. The group velocities of these two FWM fields could be adjusted by tuning the intensity or 
frequency detuning of the pump beam. Such a bichromatic field could also be useful in the cross phase 
modulation of weak pulses at the low light level.  
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